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The yiaKLMNOPQRS (yiaK-S) gene cluster of Esdierichia coli is believed to be involved in the utilization of 
a hitherto unknown carbohydrate which generates die intermediate L-xylulose. Transcription of yiaK-S as a 
single message from the unique promoter found upstream of yiaK is proven in this study. The 5' end has been 
located at 60 bp upstream from the ATG. Expression u[ tU*i yiaK-S openm is controlled in the wild-type strain 
by a repressor encoded by yiaj. No inducer molecule of tha yiaK-S operon bus been identified among »vcr SO 
carbohydrate or derivative compounds tested, the system being expressed only in a mutant strain lacking the 
YiaJ repressor. The hcZ transcriptional fusions in the genetic background of the mutant strain revealed that 
yiaK-S is modulated by the integration host factor and by the cyclic AMP (cAMP)-cAMP receptor protein (Crp) 
activator complex. A twofold increase in the induction M*as observed during anaerobic growth, which was 
independent or ArcA or For. (id mobility shift assays showed that the YiaJ repressor binds to a promoter 
fragment extending from -SO to +121. These studies also showed that ihe cAMP-Crp complex can bind to two 
different sites. The LacZ transcriptional fusions of different fragments of the promoter demonstrated thai 
binding of cAMP-Crp to the Crp site 1, centered at -1116, is essential far yiaK-S expression. The 5' end of the 
yiaj gene was determined, and its pro mi iter region was found to overlap with the divergent yiaK-S promoter. 
Expression <\tyiaj is aucogenously regulated and reduced by die binding orCrp-cAMI' to the Crp site 1 of the 
yiaK'S promoter. 



The gene duster yiaKLMNOPQRS (yiaK-S) (Fig. 1), labeled 
according to the latesL notation (17) proposed for the genes of 
unknown function in the Escherichia coli genome (accession 
no. U00039), lies at min SU7 or' the bacterial chromosome. 
Sequence similarity studies allowed us to assign a carbohydrate 
metabolism function to this system (36). Previous work by 
Sanchez ct aL (32) identified the yiaP gene product as a highly 
specific L-xylulose kinase purified from mutant cells selected 
for their ability to grow on the rare pentose L-lyxose. However, 
the yiaK-S operon seems only fortuitously used for the metab- 
olism of the intermediate L-xylulose formed from L-lyxose. The 
natural origin of L-xylulosc may result from the action of the 
yiaK~$*encQded proteins on the unknown substrate. Of the 
nine genes in the yiaK-S clusLcr, rcccnUy wc have shown that 
two rnore gene products are involved in the metabolism of 
endogenous L-xylulose (14). Gene yiaR is believed to encode a 
3-cpimerase, while gene yiaS encodes a 4-epimerase. The 
ylaK-S gene cluster is coord inately regulated by gene yiaJ, 
located upstream otyiaK-S and divergently transcribed from it, 
Th&ytiU gene producl acts as a repressor of yiaK-S. Because no 
inducer or inducing conditions have bten found, expression of 
this gene cluster has only been detected in mutant strain 
JA134, selected for its ability to grow on L-lyxose. In this strain, 
the regulator gene is inactivated by a genome rearrangement 
mediated by T$7 transposition that leads to constitutive expres- 
sion of the yinKS operon (2). The absenct of structural gene 
transcripts in wild-type strain ECU and the absence of regu- 
lator transcript in strain JA134 are in accordance with a neg- 
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ativc control exercised by the repressor encoded by gene yiaJ* 
Control of expression ofyiaK-S operon by yiaJ and other tran- 
scriptional factors is reported here. 

MATERIALS AND METHODS 

Ducteriul strains, plasniids, and pUiiges, All of the drain* used were £ cati 
K-12 derivative^. The ^emiiyr* and sources of the relevant bacterial strains arc 
tjiven in Table 1. Generic crosses were performed by PJ ^mediated transduction 
(23). Transducianis that incorporated the ukA mutation were selected by iheir 
sensitivity to CMoluidine blue (15), and those incorporating the fnr mutation 
were selected by their inability lo grow unaerobically un glycerol r>l«$ nitrate (37). 
TninwLucUmt:; that incorporated » h'imA % himl)$ % urcrp mutation were selected 
hy 1 1 w; linked iihtihiiuie resistance. 

Gtwllt conditions and preparation of cell a tracts. Cells were grown on Luna 
broth or minimal medium and harvested ai the end of the exponential phase w 
described previously (4). Carbon sources were added to □ ba-ial inorganic me- 
dium at a 60 mM carbon cunrentmiiun for aerobic grriwih and 120 mM for 
anaerobic growth. For anaerobic respiration, nitrate was also added to the 
culture at a 20 mM concent ration. Casein acid hydrolysate (CAA) was used at 0.5 
or i% depending on oxygen availability. To search for the inducer, a screening 
of candidate molecules was set up by nddmfi to the CAA mediuni the following 
compounds at the carbon concentration indicated above: n-raJfinase {C,„); d- 
glucopyrnnosyl- f.i- fructose. celluhiowi, .viLchaftrsc, trehalose, and maltose (C,»); 
/V-acetylmurnmic ncid (Cu): /^aceiylgliicosaminc (C^); melhyl-iwnannopynino- 
side, pimclic uart, nn<l fvgjucaliepianic acid (C 7 ); n-galactosc. n-rucosc, L-fucose, 
rj-frmaose, i.-fruciosc, n-mannosc, i.-mannose, rvsorbose, ^sorbose, inuJin, o- 
glucose, rviagaiaae, oallasc. n-talaae, D-psicose, t.-rhamnose, rwpiinnitol. n- 
sorbitol, frtW>-inaflilal, dulciloi, t.-fuciloK L-idilol, gluconic acid. galaetumnie add. 
glucuronic acid, saccharic acid, phthalie acid, v.-.iscorhic acid, and adipic acid 
(CJ; n-arabinose< L-ambinose, i>*ylo$e, t-jtylose. n-lyxnsc. L-lyxose, o-arabitol, 
1.- a nib it ol. o-ribose. ivrilxikv*, ii-jryluinse, adpniial, xyliiol. u-ketogluUric acid, 
fl'fcelOgluiaric aci(i (Ci); eryihriiol, succinic scmialdehyde. succinic acid, fumanc 
acid, D.L-malic acid. Lanaric acid, diglycolic acid (Ci); i?- lactate, t^laoarc. n.i.- 
glyccraldchydc, glycerol, pyruvic ncid (C ? ); and glywlie acul and o*aJic acid (C^). 
Citrus fruit pectin and apple pectin were prepared ;U 0.14% in sodium acetate 
buffer (pH 4.0) and incubated overnight ai 2S*C with 400 U of Axpaxillus nip* 
peclirusc, and the hydrolysis products were diluted 10-fold in the medium. AJt 
compounds tested were obtained from Sigma Chemical Co. (St. Louis, MaJ. 

When necessary, the antibiotics were used at the indicated concent raiiorta 
ampicillin, 100 u.g/ml; kaiiamycin. 50 ujj/ml; tetracycline, 1.2-5 \^tr\\\ chloram- 
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TaBLE I. Bacterial strains used in this study 



Strain 


Description 


Source or 
reference 


ECL1 


HfrC phaAS ntlAJ ionA22 T2 r (X.) 
ECU Lyx* 


19 


JA134 


32 


CHlbTS 


WVDJ39 MarxtBC-teu)76S7 MacX74 $alU %tilK ksdR (r K " m K + ) jpsl/60 cfu 2cc-72A::Tn/r7 
/tkk*0(Ts) 


26 


TE2680 


F" X" IN (miD-rmE) L{bc\X?4 rplS gpUG ffcD::Tn.7^ic/ //yDC7£7(?:^P/i7J03::|Kan f Can)' lac] 


S 


XLl-Bluc 


rccAJ lac endAJ gyrA96 thi'h&dRIl xupf.M r?MV(T proAB lacP UicZ dM15 TnlQ) 


Slratagcnc 


HNSHOl 


strA galK2 su" X" F" himAvxaJ 


3.2 


K2704 


sirA gaIK2 su" X" F" HimD3v.cat 


25 


ECL61S 


arcA2 j#::TiW0 


21 


JRG1728 


L{tyrR-}nr~rac-t/%)}7 zdd-ZW~TT\9 
MC4100 op::c£tf 


37 


MC4100 op 


34 


JA161 


JA134yw/;:W 


2 


JA180 


CH1S2S vfa/:ttrr 


This study 


JA1S1 


JA134 y»K::Tn5 


This study 


JA1S2 


JA134 b[tyrR-fnr-mc-trg)I7 2dd-230::Tn9 


This! study 


JAIS3 


JA134 arcA2 yjvTxilQ 


This study 


3 A) 84 


JA13* fo'rfe4;:au 


This study 


JA185 


JA134 himDB:\cat 


This study 


JA1.S6 


JA134 appear 


This study 


JA1S7 


JA134 cya::Tit5 


This study 



phenicol, 30 u£/ml; and novobiocin, 200 u.g/mt. .S-Brnnui^ehliiro.Virulolyl-p* 
i?-giiIactoside (X-Gnl) and isopropyl-p-u-thiogalaciosidc were used at 30 and 1(1 
M^/ml, respectively. 

For (i-g^lacnuiidjLse ;issays. I hp gulls were allowed lo double fi«e or six limes to 
an A mi oi 0-5 for aerobic cull u res or 0.25 Tor anaerobic cultures. 

Cell extracts were prepared as described previously (4), Protein concentration 
was determined by the method of Lnwry ei al. (20) wiih bovine wnim ;i|bumin 
as a standard, 0-Galaciosidasc activity was assayed by hydrolysis of rz-niiruphe- 
nyl-|l-D-galactopyranQKidc and expressed as Miller units (23). The data reported 
arc a represcntati«c set of at least four separate experiment* performed in 
duplicate, 

NnnUcrn lilirt »Dj|yM* mid primer taUMlsmn. For preparation of total RNa, 
cells oi' a 25-ml culture gniwn \o an /4 ri!m of 0.5 were collected by centrif Ligation 
at 5,000 * j for 10 min and processed as described by ft&lasco ei at. (3), Northern 
blot hybridization was performed with each RNa sample (10 yj>) liy the proce- 
dure described by Moralejo el al. (24). For determination of the 5' end of rhe 
Structural and the regulatory genes, the following oligonucleotides were used as 
primers: S ' -GCCQ CGTQ AAA TF AAQ ACCCG ->3 ' complementary lo an inter- 
nal region within yiaK and ,V-U 1 1 1 rca'CTGCCATCTCCTTC-?' comple- 
mcmary to an internal region within ytal. The. reactions were performed with 50 
u.g of total RNA al jT'C for 30 min with 200 U of Moloney murine leukemia 
virus reverse transcriptase (Lrfe Technologies, Inc.) and [a- ?:% SJlhii>dATP 
(> 1,001) Ci/mmol; Amershnm Pharmacia Biotech) and followed by a 30-miit 
diase with all four nudeyiides (at 1 mM each). As a reference, double-strand 
sequence reactions were performed with (he primers used Tor the primer exten- 
sion experiments. 

DNA manipulation and genetic techniques* Plasm id DNA was routinely pre- 
pared by the boiling method (13). For large-scale preparation, a crude fJNA 
sample was subjected to purification on a column (Qiagcn GmbH, Duaseldorf, 
Germany), DNA manipulation!: were performed essentially as described by Sam- 
brook ei al. (31 ). The DNA sequence was determined by using the dideoxy-chain 
lerminaiion procedure of Sanger et al. (33)* *ith double-stranded plasmid as the 
template. 

Tn5 insertion mutagenesis was carried oat by infection with pluge X' 4n7 (621) 
c7is857 rer::Tn5 Oam29 / J amS0), as described by Bruijn and Lupslti (5). Tn$ 
insertion mutants in the yiiiK-S gene cluster or in the tyu gene were obtained 
from strain JA134. These mutants were selected for I heir inability to utilize 
L-ryxose, The precise location of the insertion in the>KiAT gene in strain JAlfll 
and in lite cyu ipsne in strain JALS7 was assessed hy sequencing the chromosomal 
rcRbn dose to the TnJ, with an internal sequence of the tran$po»on iwed as a 
primer. 

CoiistnictioDS nf/ocZ fusions and dclciious oftbe pmmtilcr. To create 

opcron fusions, DNA fragments or the 5'- upstream region of some structural 
genes and the regulator gene were doped into plasmid pRS550 or pRS551 (35). 
In some experiments, the DNA fragment was exl ended lo several genes lo 
examine the presence of possible promoters within the coding region (Fig. I). 
The pRS plasm ids carried a cryplic luc opercm and genes thai confer resistance 
to both kariamyein and nmpicillin, After introduction of the recombmanl phs- 
mids iiUO the iclracyCline-reSwlaiU strain XLl-Etlue, blue colonies on L-uria- 
Benani platcs containinij X-GaJ, ampicitlin, and kimamycin were i,wl;ttetf, Plas- 
mid DNA was sequenced by using the M13 primer to ensure thai lhc desired 



fragmcnl was inserted in the correct orientation. Single-copy fusions on the £ 
cnli chromosome were obtained by the method of Elliot (8). Flasmids containing 
i he diltftrirrtt/crcir fusions were linearized wi|h Xhy\ or Slid and used lo transform 
strain T£2r*80. Due io the present in strain TB26U0 of lhc rect);;Tn/f/ mutation 
and sequence; tn&ened into the trp operon thai nre hornokigow lo .sequences m 
pRS pi asm ids, this strain rccotii bines linear pRS550- or pR§55l-ha$cd pla$mids 
into its chromosome. The transformanis were selected for tanamycin rcsLiiance 
and screened for sensitivity to ampicillin and chloramphenicol. Plu> lysatcs were 
made lo transduce the fusions into other genetic backgrounds. 

Fragments containing sequences of the promoter region were created by PCR. 
Tlie 20-mer oligonucleotide 5'-ACGCCGCCTGAAATTAAGA03' identical lo 
the. sequence belween +121 and + 102 oF the noncoding strand of gencywK was 
used as die i^nisiHiu primer. This di^onttr iiicurpiir^ied eight bases at the 5' 
end, which included an EtwRl site al one end of the PCR product. The parmer 
primers extended from the following positions: -14fl to -128, -114 to -9a, 
-105 to -65, -93 to -73, -50 to -30, and -17 lo +3 (see Fig. 4), all bearing 
nine addilional nudeolides at the 5' end, which included a ZtomHI sile at the 
other end of the PCR product. After digestion with JfarnHl-fe'etiKI, the PCR 
products Wert cloned hUd pR$550 t and lhc recombinant pi asm ids **=r«: used lo 
construct single-copy kcZ fusions (bbeled as 4>-l4S. qVlld, qVl0,S, ^-93, 4>-50, 
and 4>-17) in the background of strain JA134 or ECL1. 

DNA hinding studies. For eleclrophoretic mobility shift assays, three different 
PC(t-amp lined fragments were used as probes, These fragments extended, ac- 
cording 10 the $' end determined for the xtruLlural genes (we Fig. 3tf), from 
position -1.4$ to position +121. from -50 In +121. and from -146 io -70, 
After purification from acrylnmide gels, fragments were labeled with T4 polynu- 
cleotide kinase and [r^iATP (3,000 O/mrnol; New England Nuclear). 

Electrophorclic mobility shift assays were performed *"ith crude extracts ob- 
tained as described by Nunoshiba el al. (2S), AcrylamirJc gels comaioing J0% 
glycerol were run at 4 a C liy using IX Tris«boraie-EDTA buffer (1). Protein 
samples were mUcd with ?= P-end -labeled DNA substrates (ca. 2_S nM final 
concern rat inn, ca. 10,000 to 25,000 cpm) in a 25-uJ reaaion volume containing 10 
mM Tris-HQ (pH 7.4), 100 mM KG, 10 mM MgCl 2 . 10% glyceroL and 2 mM 
dithioihreilol. Po^dl-dC) was used as a nonspecific atmpelitor, Validniiun of 
binding specificily w n5 performed with unlabeled DNa fragments P269, i'\7l, 
and f>7fi as compelilors for ihemsclvex, After inCulialion for 30 min at a 1/6 
volume of a fix $cl loading buffer (1) was added, and the mixtures were loaded 
directly onio prerun gels. 



RESULTS 

Transcriptional organ ixation t)T thuyiaJC-S openm. Previous 
Northern blot experiments with , the L-lyxose-positive strain 
JA134 failed lo detect a polycistronic mRNA (2), possibly 
because of a message decay. To circumvent such a possibility, 
we transduced theyiaJ::cat of strain JAlfJl (2) into RNase E 
temperature-sensitive muLant strain -CH1828 (strain JA180). 
Northern blot hybridization of RNA preparations of mutant 
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Bs A Bs AX V V BP Xc P VA 



ty(yiaJ-lacZ) 

ty(yiaK-lacZ) 

$iyiaLMN-lac2) 

fy(yiaO-lacZ) 

$(y/aP-/ac2) 

${yiaQR-tacZ) 

$(yia$-lacZ) 

t(yiaLMNOP-lacZ) 

§{yi$PQF1S'lacZ) 



I 1kb I 



FIG. 1. Physical and genetic map of the region cncoittr>aasirti> ih$ yfaK-S operon. The bar represents the Sail genome frajjmeni with ihe rclevani ruLrkniun sites 
labeled na follows; A,/1gd; B, HamHl; Bg, Utfll; Bs, itoXl; H, HindWl; r, V\fl; -S, .Wl; V, EcpRV; X, ATit'l; and Xc, Xcm\, Open arrows indicate the extern and direction 
of transcription of the genes! included in \hnyiv!C-$ operon. Black arrows represented the fragment; fused tc> iacX for (eating yw promoter function, 



strain JA1S0 grown at a restrictive temperature by using inter- 
nal probes of yio! J (lyxJCj^yuiQ, or yinR showed an mRNA of 
S.2 kb corresponding to the fulMcngth transcript of the, yiaK-S 
system. This full-length transcript was not apparent in RNA 
preparations of strain JA1S0 grown at a nonrestrictive temper- 
ature, while no hybridisation bands were observed in a control 
experiment with RNA of strain CH1828 (Fig- 2), 

Transcription of the yiaK-S genes as a single uniL was also 
supported by the properties oiln.cZ fusions presented in Fig. 1. 
These operon fusions were transferred to strains EGL1 and 
JA134. Among these fusions, only the one corresponding to 
the leading yiaK displayed p-galactosida.se activity under any of 
the growth conditions used, which included CAA in the pres- 
ence or absence of L-Iyxose. Expression of the (yiaK-tacZ) 
fusion in the genetic background of strain ECLl resulted in a 
P-galactosidase activity of 42 Miller units, while its expression 
in the yiaJ mutant strain JA134 displayed high levels of (3-ga- 




0,87 
0.S6 



FIG. 1 Northern hloi of total RNa from strain Ja180 grown ai 3irC (lane 
3). strain JAlfiO after shifting to 45**: (lane 1), and strain CHiS2fi grown ai 3fl°C 
(lane 2). Hybridization wax performed with a O.S5-fcb y/Wf- specific probe. 



laclosidase activity (4,250 Miller units) in both the absence and 
the presence of L-lyxose. These observations indicated that the 
only functional promoter for the structural genes is located 
upstream of yiaK. 

Processing of the yiaK-S genetic cluster as a single transcrip- 
tional unit was also consistent with the polarity effects caused 
by Tn5 insertion mutation in several of the intervening genes, 
notably in yiaK* the first gent transcribed. Indeed, the yiaK 
mutant strain JA1S1 displayed neither L-xylulose kinase 'activ- 
ity nor yiaK-S transcript, as shown by the absence of hybrid- 
ization bands in Northern experiments (data not shown). 

As reported previously, the regulator geneyut/, divergently 
transcribed, yielded a transcript of 0.95 kb in RNA prepara- 
tions of strain ECLl, but not of mutant strain JA134 (2). The 
operon fusion yiaJ-lacZ corresponding to Lhe putative regula- 
tor gene, as is common to other regulator genes, showed a 
basal level of p-galactosidase activity in strain ECLl, indicating 
regular function of its promoter (Table 2). The increase in 
activity level observed in strain JA134, impaired in the regu- 
lator gene, could indicate the autogenous regulation of yiaJ 
expression. Consistently overexpression of YiaJ from pJBl re- 
duced the level otyiai-kcZ expression in strain JA134, 

Mapping or the mRNA 5' end for the structural and regu- 
lator transcriptional units. The 5' end of the structural genes 
was determined by primer extension analysis. Total RNA from 
strain JA134, hence containing structural yiaK-S gene tran- 
scripts, was obtained by growth on t-lyxose and also on CAA, 
For the primer extension reaction, primer complementary to 
an internal region of yiaK was used, and a single putative start 
point was determined (Fig. 3B). The mRNA 5' end was thus 
located at 60 bp upstream from the ATG codon. The putative 
start site, position + 1 in Fig. 3 A, is preceded by a promoter- 
like sequence that conforms relatively well to the consensus for 
<r 7l> RNA polymerase. In this sequence, a -10 TATA box is 
clearly defined as well as a -35 consensus box found at 17 
nucleotides. Analysis of the sequence also showed two putative 
Crp consensus sites — one centered at —106 (Crp site 1) and 
the other at +65 (Crp site 2). Using the MacTargsearch pro- 
gram (10), we identified potential, integration host factor 
(IHF)-binding sites extending from ~2S to -71 in the coding 
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TA3LE 2- p-GalBctpsidw activities of 4>{yiaJ*UtcZ) and tyiykiK* 
lacZ) in the genetic background of wild-type strain ECL1 and 
mutant strain JA134 grown in different conditions 



Carbon source 



Oxygen Carried fusion 



activity in 
recipient strain 
(Miller units) 

ECU JA1-W 



CAA 


+ 


${yiaJ-lacZ) 


35 


270 


CAA + glutfise 


+ 


tyiyiaJ-incZ) ' 


175 


450 


CAA + glucose + cAMf 


+ 


^iymJ-lacZ) 


170 


430 


CAA 


+ 




42 


4,250 


CAA + glucose 




${yiaK*lacZ) 


<35 


1,700 


CAA + glucose + CAM? 




${ywK-lacZ) 


<3S 


2,900 


Succinate 


+ 


tyiyinK-lacZ) 


46 


34,500 


CAA + ascorbalc 


+ 


btyinK-lacZ) 


300 


4.250 


CAA + fucose 


+ 


WiaK-lticZ) 


275 


4O20 


CAA 




$(yitiK-lacZ) 


40 


f J t 400 


Caa + glucose 




faiyiaK-lacZ) 


<35 


1,450 


CAA + glucose + cAMP 




^{yiaK-tacZ) 


<35 


2,940 



A) 



TTTGTCGCGTCCTCATC -125 
AAWGfiAAAAAAGGGTAGTGAAGAAAGGGGTAAAACAGq^^CTAC 
EKKGMVEKGM g0 

Cip site I 



GTAKGCAAAGTCTGCCGTAGTTCACCATC1'Cc^C^<^TAATTTATAACC 
CATCGCGTTTC^CACGGCATCAAGTGCTAGAGCTGTCTATTAAATATTGG 



Fnr box 



-.15 



+1 



AAGTGATCGATATATTTGAAATCAAGTTT05CATATTCMMTTTTAAGCC 
TTC ACTAGCT ATATAAACTTTAGTTCAAAGCGTATAACTTTAAAATt'CGG 

-35 

SD Crp site 2 

AAAAAAGCGATCAAAAAAACAAGGAAGCCTGGGATGAAAGTGACATTTGA 
TTTTTTCGCTAGTTTTTTTGTTCCTTCGGACCC 

M k v T F 



-75 



-25 



+26 



+76 



strand and from -31 to -74 in the complementary strand. A 
putative Fnr site has been noted centered at ~6$5 (Fig. 3A) 
matching 7 of ID positions in the Fnr consensus sequence 
(TTGAT-N4-ATCAA) (39). 

Because the regulator geney^ was transcribed opposite to 
the neighbor structural gene yiaK, the promoter regions of 
both genes overlapped. Transcription initiation olyiaJ was also 
determined by the same method with total RNA obtained from 
strain ECL1, which contains copies of the regulator transcript. 
In this way, three products were detected by the radioautog- 
raphy. A major one, located at 87 bp upstream of the regulator 
ATC on the minus strand, was likely to be the 5' end for the 
regulator gene (Fig. 3B). The other minor signals were con- 
sidered to be alternative, secondary* or artifactual. As de* 
scribed by Kumar et al. (IS) in other promoters, an extended 
-10 region, TGATTGAT (Fig. 3A), could compensate for the 
poor -H) and -35 consensus and the unusual spacing Of 21 bp 
of this weak promoter. 

E*pressiun from the runctUinnl promoter. Since we couid 
not identify the inducer, we studied the promoter function in a 
biochemical background lacking the repressor. Comparison of 
P-galactosidase activities expressed by the {ylaKAacZ) fusion in 
strain ECL1 and strain JA134 allowed us to further character- 
ize the function of this promoter (Table 2). In this way, wild- 
type cells displayed basal levels of activity when grown on 
CAA, whereas the mutant strain JA134 gave high constitutive 
levels of activity when grown on this carbon source, indicating 
full transcription from its promoter. This is well in agreement 
with the repressor model of regulation of this system. 

Cultures of strain JA134 carrying fyiyiaK-lacZ) grown in the 
presence of glucose, both aerobieaily and anaerobically, 
showed lower p-galactosidase activities, indicating that glucose 
produced catabolite repression in this promoter. The addition 
of cyclic AMP (cAMP) to a 5 mM concentration partially 
recovered the activity in the presence of glucose. The threefold 
increased expression of fytyiaK-lacZ) by growth on succinate 
(Tabic 2), which is considered a poor carbon source, also 
confirmed the regulation of this operon by carbon sources. In 
contrast, the presence of glucose enhanced the promoter func- 
tion of the regulator, as indicated by the increased (3-galacto- 
sidase activity of ^(yiaJ-locZ). No relevant effect of the cAMP 
addition was observed in this case. This is further supported by 
the increase in the expression of {yiaJ-lacZ) fusion (510 Miller 
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f\G. 3. 1'rtimpier JsetjuiiiiLtis and primer extension analysis of the divergently 
lftiMcribed yiaK and yiat genes. (A) The sequence containing bolh overlapping 
pramnicr* is presumed and numbered relative to the 5 1 end of the y/uK gene, for 
each gene, the Shinc-D3lgarno sequences (SD) and the -It) and -35 awsensus 
for RNA polymerase binding are indicted by n double underline tatyial and a 
black bnrforyftfK. Nucleotides in the often* ion of the -10 consensus for yiaJ are 
shown in boldface. The 5' ends art stiuwn by ai*n>whc«ds labeled as +1. Potential 
IMF binding siics, iritmified hy using Lhc MacTargsearch prugnim (J II), :ire 
shaded. Tht; puiaiivt Fnr site rs boxed, and positions conserved *i|H nwpect m 
the Crp consensus (7) in Crp puiali«e sites are indicalwl by ii*ien*lu. (B) Tlw 
primcd-exicnded products using total RNA of strain Ed] (l;»nv \ of rhc yiaJ 
panel) or strain JA134 (tunc l at' the yiaK r^infit) wtire elecuophorcscd with a 
sequencing Indder fkinw A C Q, and T) generated by using the same template 
and primer, A portion uf iht nucleotide sequence deduced from the sequencing 
);in?5 is shrmni. Tlic mc»st intense extended product assigned as the iran!*Tip- 
tbnal start she for each gene is labeled by an asterisk, 

units) and the reduction of the expression of (yiuK-bicZ) fusion 
(55 Miller units) in strain JA186* lacking Crp. Thus, yiaK-S 
transcription is coordinalely repressed in the presence of glu- 
cose by both the effect of the absence of cAMP-Crp binding to 
the promoter and the increase in repressor synthesis. 
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FIO- 4. Diileiion analysis of ihcyiuK-yiid promoter region. A set of 5' deletions or the ywK promoter was used to $encraic iranficriplianal lucZ fusions on the ECL1 
and JA134 chromosome. The rclc«anl regulnlory slemcrUx of \hzyjuK prorrtrtlcr are slKwn a I I he Uip. Indicated positions correspond to they/a/f coding Mr;m<l, whereas 
those corresponding lo the cornplemenUiry yitd cs^ini; sinind arc in parentheses. The 5' ends arc marked by an arrow labeled +1. Upsimam of the start site of ihc 
ywK-S operon rhe -iy :uKl -35 consensus, high AT content region, 1HF site, and Crp-binding sites are located by the ciirYcspnnding boxes. Deleted promoter 
fragments nrc represented byline*, and the corresponding lucZ fusion is labeled on Ihc left. The 5' end of each deletion « inilicaied hy the position number to the left. 
|J*G a taci oxidase activity values arc indicated in the table to the right. 



Expression or this operon was twofold higher in cultures of 
strain JA134 grown in the absence of oxygen, suggesting an 
aerobic or anaerobic control. To Lest whether Fnr and/or Arc 
is involved in the expression of the yiaK-S operon, we trans- 
duced an//ir mutation from strain JRG172S and an arcA mu- 
tation from strain ECL618 lo JA134 to yield strains J A 182 and 
JA.I.S3, respectively. p-Galactosidase analysis showed that nei- 
ther Fnr nor Arc conlrols the aerobic or anaerobic expression 
of this operon (not shown). The influence of DNA superceding 
in this control was studied by adding 0.2 mM novobiocin to 
CAA cultures at an A fAr{) of U_5. Assays of p-galactosidasc did 
not show differences after 1 h of incubation with the antibiotic 
(not shown). 

To determine, whether IHF influences yiaK-S expression in 
vivo, we examined Che effect of a mutation in kimA or in 
himD3, The himA\:cat and the hunD3::cat alleles were trans- 
ferred from sLrain HN1491 and strain K2704 to a JA134 back- 
ground by PI transduction, yielding strains JA184 and JA1S5. 
Introduction of each of these IHF miuations produced a four- 
fold decrease in p-galactosidase activity in these mutant strains 
compared with that of the isogenic wild type (data not shown), 
These result suggest that IHF activates yiaK-S expression. 

Deletion analysis of the promoter. To analyse the cw-acting 
motifs relevant for regulation of the yiaK-S operon and 
whether the repressor YiaJ is the regulator protein acting in 
{runs, single-copy fusions lo the lucZ reporter gene of serially 
deleted fragments were obtained and introduced in the JA134 
background. Twelve constructs were analyzed in cultures 
grown aerobically in CAA, in both the presence and absence of 
glucose. Figure 4 displays only those relevant in this analysis. 
The shortest fusion expressing a level of p-galactosidase activ- 
ity similar to Lha( of <\>{yiaK-lacZ) was o>-148. Constructs n>-114 
and <H05, partially affecting the Crp site 1, expressed p-ga- 
Jactosidasc activities 60% lower than that of the full-length 
promoter construction, whereas in construct 4>-93, from which 
the Crp site 1 had been completely deleted, the activity de- 
creased 98%. In contrast, construct ^50, which not only lacks 
the Crp site ] but also affects the AT-rich sequence and the 
IHF binding sites, yielded an activity higher than that of c|*-93, 



with a decrease of only S5% with respect to the control. Ca- 
tabolitc repression by glucose and partial reversion by cAMP 
were apparent for the cells bearing constructs like <]>-148, 
$-114, or <1>-105, which carry all or parr of Crp site 1. No effect 
was seen with constructs 4>-93 and <|>-50, which lack Crp site 1. 
Deletion to position -17, affecting RNA polymerase binding, 
almost abolished promoter function. 

Single-copy fusions from <|)-14S to o>o(.) in the background of 
strain ECL1, which expresses the repressor protein* showed no 
P-galactosidase activity, indicating that the regulator binding 
site is still present in $-50 (data not shown). 

Gel mobility shift assays. Protein interactions with theyiaK 
promoter region were assessed by gel mobility shift experi- 
ments performed with a 269-bp fragment (positions -14J3 to 
+ 121, labeled P269) belonging to the full-length promoter 
region. Experiments performed with 10 u_g of crude extracts of 
strain JA134, lacking the repressor, displayed two retarded 
complexes (CI and CII in lane 3, Fig. 5A). No additional 
complexes were observed with extracts of strain JA134 trans- 
formed with plasmid pJBl (2), from which YiaJ was overex- 
pressed (lane 2, Fig. 5A). When a crude extract of strain JAIS4 
was used, the G complex disappeared (lane I, Fig. 5A), indi- 
cating that the formation of this complex was dependent on the 
IHF binding. 

To determine the location of the fragment responsible Tor 
the repressor binding, the total promoter region was split into 
two parts: one from -SO to +121 (labeled Pl7l) and the other 
from -148 lo -70 (labeled P7S). Neither of the two fragments 
contained the IHF site, whose occupancy yielded a complex 
(CI) hiding the other complexes formed by binding of addi- 
tional proteins. Analyses with extracts of strain JA1.34 (lane 1 
of Fig. 5B and C) or strain JA134 ove expressing YiaJ (lane 2 
of Fig. 5B and C) showed, in fragment P171 but not in frag^ 
mem P7S, a retarded complex corresponding lo the YiaJ re- 
pressor binding. 

The identity of the Crp-DNA complexes was approached 
attending to the previous identification by sequence analysis of 
two consensus siies for Crp binding, in the 269 promoter re- 
gion. The results presented in Fig. 5B and C show a shifted 
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HCi. S. Interactions of IHF, Op, and Yiid wirh different Inigmcnlii of \htyioK promoier region. The experiments were performed wirh ihe following 32 h labeled 
probes: P269 (from - 14S to +121), correspond >n« in th* full- length region (A); PI 71 (from -50 to + 121) (B); and P78 (from -148 to - 70) (C)-Tlte mijn-aiwn patterns 
of the different DNA-protein complexes are indicted (CI, complex I; CU. curnpkx II). (A) Complexes formed with extracts of strain JA184 (lane 1), strain JA134 
previously transformed with plasm id pJBl Qanc 2), strain Ia1?4 (law 3 J, and no ertrnct (lane 4). (B and C) Complexes formed with crude extracts of strain JA134 
(lanes 1), strain JA114 previously transformed with pi asm id pJBl (lanes 2). sera in Mlltoi (lane* 3). strain JAJfft (tones 4). si rain (lanes 5), and no txlracl (lanes 
6). 



band with either the P1.7I. or P78 fragment when crude extracts 
of strain JA134 (lanes l) or strain JA184 (lanes 5) were used. 
Tn contrast, the Crp-DNA bands were absent when crude ex- 
tract of Crp mutant strain JA1S6 (lanes 3) or Cya mutant 
strain JA1S7 (lanes 4) were used. 

Search for inducers. As for all genetic systems of unknown 
function disclosed by the genome sequencing project, identifi- 
cation of the substrate(s) or inducer(s) of the yiaK-S operon is 
a priority subject. The similarity of these gene sequences and 
organization to those of Other known systems gives some clues 
for the substrate-candidate structure. In this sense, a similar 
operon was found in Hatmophiius influenzae (6), and Iht yiaO 
gene displayed high similarity to a periplasmic solute-binding 
protein of Riwdobucter cupsulatus (9) involved in the transport 
of dicarboxylates. The YiaJ repressor was also found to have a 
high similarity to KdgR and Pir of Envinia chiysanthcmi (27, 
29), both involved in pectin degradation and classified into the 
IclR family of regulator proteins. On the other hand, the pos- 
sibility of assaying candidate inducers with a yiaK-S operon 
fusion prompted us to approach their identification by using 
this technique. 

Among 80 different compounds tested, only L-fucose and 
L-ascOrbatc resulted in modestly increased expression of fJ-ga^ 
lactosidase activity (Table 2). No induction was seen with any 
of the other compounds, including pentoses, hexoses, other 
derivative sugars, mono- and dicarboxylate organic acids, and 
related compounds listed in Materials and Methods. The pas-* 
sibility of the presence of the inducer in animal gut or lung 
mucus was explored by using rat specimens suspended in min- 
imal medium and aulodavcd. These solutions were added to 
CAA medium at a final concentration of 0.1%. No induction of 
p-galaclosida$e activity was delected by growth in any of these 
cultures. 

The sensitivity of the yiaK*S operon to pH, temperature, 
osmolarity, oxidative stress, growth phase, and nitrogen avail- 
ability was also tested. The selected cultures, at an of 
approximately 0.5, were shocked by addition of NaCI to 0.3 M 
for osmotic studies (22) or' paraquat to 20 mM for oxidative 
stress studies (30). Heat shock was performed by shifting the 
culture to 45"C, In these experiments, (3-galactosidase activity 
was assayed after l h. For external pH regulation, cells were 
grown in Caa medium buffered at pH 5.5 or S.O as described 
by Watson et a). (38). For nitrogen limitation, cultures were 
grown in 1 mM ammonium sulfate. None of these environmen- 
tal conditions affected the expression of this operon. 



As described above, citrus fruit pectin or apple pectin pre- 
viously hydfolyied by the action of pectinase did not affect the 
expression of the structural genes, even in the absence of 
repressor. However, a 10- to 20-fold induction of 4>(yiaJ-lacZ) 
was observed only in wiid^type strain ECU, but not in mutant 
strain JA134. At present, we do not know the significance of 
this effect. 

DISCUSSION 

Three lines of evidence support the expression of tht yiaK-S 
gene cluster as a single mRNA transcribed from the unique 
promoter found upstream of yitiK; (i) the presence of full- 
length transcript in RNase E mutants, (ii) induction of lacZ 
fusion only from the leading yiaK structural gene, and (iii) 
polarity effects oFjwd/O.'TnJ insertion mutation in th& yiaK-S 
transcription. Expression of this operon was previously re- 
ported to be under the control of the repressor YiaJ. Consis- 
tently, the DNA binding experiments showed that the repres- 
sor was bound to a sequence present in promoter fragment P78 
(position -50 to +121). This repressor was found to be highly 
homologous to the IclR family of regulators (32). The ex- 
acting eiemenL recognized by £. coli IclR rep ressor was shown 
to be AATTAAAATGGAAATrGTTTTTCATrTrGCATTTT 
(27), and highly homologous sequences have been reported in 
£, chrysunlivemi for other operator regions recognized by pro- 
teins of this family, such as KdgR or Pir {21, 29). In the yiaK-S 
promoter, the sequence GTTAMMGTfiATCGAIATAII 
TGAAATCAAGTTT, with many conserved positions (under- 
lined), may also be identified between positions -30 and +5, 
allowing us to propose it as a putative binding site for the YiaJ 
repressor. 

Our results indicate that theyw/C-S operon is regulated by 
carbon sources. As shown, succinate increases and glucose 
reduces its expression in the absence of the repressor. This 
promoter strongly responds to glucose catabolite repression 
through the Crp sile 1; in contrast, tlieyia7 promoter, which 
overlaps with the yiaK-S promoter and is transcribed diver- 
gently from iu responds to the same conditions with increased 
expression. The mechanism for thisy/a/ activation seems to be 
based on the nqnoccupancy of Crp site 1 by the Crp-cAMP 
complex, hence releasing the obstruction to yiaJ transcription. 
In this way, catabolite repression of yiaK-S expression is coor- 
dinate^ helped by the increase in the repressor synthesis. In 
the absence of glucose, Crp-cAMP complex binds to Crp site 1 
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activating yiaK-S expression and obstructing the yi^cncodcd 
repressor expression and synthesis* In spite or the binding 
observed to Crp site 2, its function remains unknown. 

Increased levels of p-galactosidasc activity found in anaer- 
obic conditions were not Fnr dependent- The location of the 
Fnr site at -65.5, different from the -6L5 or -7J.5 shown to 
be the correct distance for activation function (39), may ex- 
plain the inability of this site to control yiaK-S expression. In 
this context, examples have been reported in which. DNA su- 
percoiling accounts for anaerobic increased expression (16). 
To study whether this hypothesis applied to our promoter 
behavior, experiments in the presence of novobiocin were de- 
signed. The results indicate that novobiocin did not modify the 
expression pattern. At present, the regulatory element respon- 
sible for this redox control has not been identified. 

Sensitivity to IHF was probably due to DNA looping (11) to 
close the distance between the RNA polymerase site and Crp 
site 1 or other unidentified as-acting elements. This effect 
would be particularly favored by the presence of the AT-rich 
sequence located between positions —77 and -87. 

Up to now, we have been unable to identify the inducer 
molecule or the conditions required for its induction. One 
possible explanation would be thai the system was a cryptic one 
activated by a mutation in strain JA134, as proposed in our first 
report on L-xylulose kinase identification (32). Nevertheless, 
the normal function of the constitutive promoter and the weak 
induction by compounds such as i_-fucose or L-ascorbate seem 
to give support to the hypothesis that the yiaK-S operon is 
normally functional and that the inducing conditions have yet 
lo be found. In this sense, it is of interest to stress that several 
experiments trying to reproduce the physiological induction 
conditions have failed. The possibility of mutaLions in the YiaJ 
repressor that impaired inducer recognition without affecting 
DNA binding capacity cannot be ruled out. These mutations 
would be hardly suppressive, since the recovery of the recog- 
nition capacity would be quite unlikely. 

Similarities of yinK-S regulatory systems to KdgR and Fir 
regulatory elements for the pel regulon in £. chryaanthemi (27, 
29) open the possibility of a parallel mechanism as a model for 
the regulation of Lhese systems. In E. chrywndicmi, the ICdgR 
repressor induces pel genes in response to 2^keto-3-deoxyglu- 
conate t and this induction is reinforced by competition with Pir 
activator. In our case, YiaJ could requjre the unknown induc- 
ing molecule and perhaps the collaboration of another uniden- 
tified regulatory protein, Although YiaJ displays more than 
70% similarity with Pir, the former acts as a repressor, whereas 
the latter acts as an activator. The mutation leading to this 
change in the regulatory function of YiaJ could also be the 
molecular basis for its inability to recognifce the inducer mol- 
ecule converting the .yiaK-S in a cryptic system. Further exper- 
iments are in progress to confirm or rule out the crypticity of 
this gene Lie system. 
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